Measurement of the time evolution of the particle number density was investigated in rf silane plasmas by using the multipass laser extinction method. A He-Ne laser beam underwent multiple reflections on one horizontal plane of the plasma. The extinction signal increased in proportion to the beam pass numbers. A 10 11 cm −3 density of 8 nm radius particles was measured at 10 s in a 32 mTorr and 50 W discharge using nine passes. The primary particle density was obtained by comparing the measured particle sizes with the calculated sizes from the light extinction signals and the Brownian free molecule coagulation model. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2824885͔
Particles are often generated during various plasma processes, and they can be harmful or beneficial depending on applications.
1, 2 The generation and removal of the particles have been widely studied for applications, 3, 4 and in situ measurements of the number density and the size by nonintrusive diagnostic methods are crucial for particle control point of view. The particle size has been measured by several ways including laser induced incandescence, 5 scanning electron microscopy ͑SEM͒ photographs, and laser light scattering ͑LLS͒ method. [6] [7] [8] For example, the measurement of 2 nm radius particle was reported with nearly 10 11 cm −3 density using laser light scattering. 9 LLS methods are, however, relatively complex to perform, and the high power lasers such as an argon ion laser are required to detect small size particles. Moreover, a high power laser can affect the particles by the particle evaporation or the thermophoretic effect. 9 Motivated by these reasons, the laser light extinction method ͑LEM͒ was attempted in this work for particle detection and density measurement using a low power continuous laser ͑0.3-3 W / cm 2 ͒. To lower the density detection limit, multiple reflections of the laser beam were exploited through one horizontal plane of the plasma volume.
A schematic diagram of the experimental setup is presented in Fig. 1 . A 30 mW He-Ne laser beam was split by a beam splitter, and then, one beam directly went to a photodiode detector, while the other went to another photodiode detector after passing through the plasma with multiple reflections. The two detector signals were then amplified, and the difference of the two amplified signals was sent to the data acquisition system. A lock-in amplifier and an optical chopper were used for noise reduction. The laser beam was made to undergo multiple reflections on one horizontal plane in consideration of the different sizes and densities of the trapped particles at the different detection heights from the electrode. The multiple reflections were provided by two identical mirrors located outside the port windows of the vacuum chamber. The mirror size was 2.5 cm in radius and the focal length was 400 cm. The number of beam reflections calculated by using a ray tracing code was 32 with this setup. In this experiment, nine pass times on one horizontal plane were used although more number of reflections could be achieved by more careful alignment. The plasma source used for the experiment was a 13.56 MHz capacitively coupled type with argon diluted ͑95%͒ silane ͑5%͒ as the working gas.
If a laser beam passes through a plasma, the transmitted laser intensity I becomes smaller than the incident laser intensity I 0 due to the particle scattering and absorption. The reduced intensity ⌬I ͑=I 0 − I͒ is given as 10 
⌬I/I
where n p is the dust particle density and L is the laser path length. The line-averaged extinction cross section ext is a sum of scattering and absorption cross sections, which was calculated numerically based on the Lorentz-Mie theory.
Prior to measuring the particle density, the validities of the LEM and the detection limit were investigated by using dust solutions that were prepared by mixing monodisperse SiO 2 ͑0.07, 0.48, 1.52 m radii͒ or melamine formaldehyde ͑2.00 and 3.00 m radii͒ particles in pure water. Because the particle size and the mass density were already known, the dust solutions with particular number densities could be made by simply varying the water quantity. As shown in Fig.  2͑a͒ , the extinction ratio ⌬I / I 0 of the single pass LEM reached typically a few percent in our experiment, which is similar to the result in Ref. 2 obtained by laser scattering. In our measurement, the detection limit for the single pass was n 0 Х 10 4 cm −3 for 1.52 m radius particles. In the case of the multibeam passes, the detection limit was reduced and the results are shown below.
Accurate calculation of ext guarantees the accurate measurement result. To obtain the validity of the ext calculation based on the Lorentz-Mie theory, ext was determined from the experiment using the dust solutions and it was compared with the calculation. Because the particle densities n p of the dust solutions were known, ext was reversely obtained from Eq. ͑1͒ using the measured L, n p , and ⌬I / I 0 . Figure 2͑b͒ shows the comparison, where a good agreement is seen in the particle radii of 0.07-3.00 m. The following results in this paper were obtained by using the calculated ext .
The laser extinction ratios ⌬I / I 0 were measured at the single pass setup and the nine pass setup under the same discharge conditions. The discharge was produced at Ar ͑95% ͒ + SiH 4 ͑5%͒, 32 mTorr, and 50 W. The horizontal plane, where the laser beam paths lied, was at 13 mm above the bottom electrode, and the path length L was 26 cm. As shown in Fig. 3 , where the measured extinction ratio ⌬I / I 0 as a function of discharge time is depicted, the extinction ratio increased in proportion to the number of passes. At 80 s after the discharge onset, ⌬I / I 0 was 2.2͑±0.83͒% in the single pass case and it was nearly 22͑±1.29͒% in the nine pass case. The results clearly demonstrate the advantage of the multipass setup especially when the extinction signals are weak in the early stage of the discharge.
In Fig. 4 , the particle radius ͑by SEM͒ and the density ͑by LEM͒ are shown as a function of discharge time. The particle radius almost linearly increased from 8 to 80 nm, and the density decreased from low 10 12 to high 10 7 cm −3 during the 10-230 s discharge. The increase of the particle size and the decrease of the particle density imply the particle coagulation. On the other hand, both n p and ext in Eq. ͑1͒ are dependent on r p , which increases in time, as shown in Fig. 4 , as the discharge proceeds due to the possible coagulation by primary particles. It was shown that the particle size and the density during the agglomeration phase could be described well by the Brownian free molecular coagulation ͑BFMC͒ model. 9 In the BFMC model, n p is related to r p as
where n 0 and r 0 are the density and the radius of the primary particles. As Eq. ͑2͒ is inserted into Eq. ͑1͒, a relation with r p is given by 
͑3͒
While r 0 = 3 nm was assumed with the known L and ⌬I / I 0 , r p measured by SEM was fitted based on Eq. ͑3͒ using n 0 as a fitting parameter. As shown in Fig. 4 , the time evolution of the particle size from the SEM photographs ͑black circles͒ was fitted well, indicating that the BFMC model well describes the particle coagulations. It was deduced that the primary particle density was about n 0 = 2.05ϫ 10 13 cm −3 . In addition, in Fig. 4 , the relatively small and large changes of the particle growth rates are observed at 20 and 40 s, respectively, and accordingly, the slope changes of the ⌬I / I 0 curve at 20 and 40 s, as depicted in Fig. 3 . The agreement of the growth rate changes of the particle size and the extinction signal implies that the change of the particle growth rate can be observed from the measurement of the light extinction signal.
In summary, the laser extinction ratios ⌬I / I 0 were successfully measured in the early stage of the discharge by using the simple multipass LEM employing a couple of spherical mirrors, which enabled measurements well below the detection limit with the single pass LEM setup. The measured densities were comparable with the results in other researches using more complicated LLS setups. [7] [8] [9] In this work, it was found that the measurement limit of the extinction signal could be improved by simply increasing the beam passes inside the plasma. Moreover, the number density of the initial primary particles could be obtained by using the BFMC model. 1
